INTRODUCTION
One significant problem encountered in metal medical devices is their weak resistance to the adhesion and growth of bacteria on their surfaces, which can cause cross contamination. The emergence of some superbugs such as Methicillin-resistant Staphylococcus aureus (MRSA) makes Hospital-Acquired Infections (HAIs) one of the chief causes of death all around the world. It is important to develop effective preventative technology to reduce bacterial adherence to the medical devices [1, 2] . Some inorganic antibacterial agents, such as silver, copper, calcium and titanium dioxide, have been reported to be effective in killing several disease-causing bacteria, including E. coli, Staphylococcus aureus, Pneumococcus, which can cause skin and wound infections [3] [4] [5] [6] . However, bulk Ag or Cu are rarely used as hospital equipment metals due to their low strength and other shortcomings [7, 8] . Thus, concessional Ag or Cu containing coatings have been widely developed to improve the antibacterial properties of the medical devices [5, 9, 10] .
Generally, medical devices such as surgical knives and scissors are made of stainless 3 steel (SS), which have high strength and excellent corrosion resistance. However, stainless steel has weak resistance to pathogens which may lead to nosocomial infections during surgery [11, 12] . Recent studies point to the development of long lasting antibacterial materials instead of conventional short-life cleaning agents. Silver is well known for its excellent antibacterial properties, such as inhibition of bacteria adhesion, broad anti-bacterial spectrum, and persistent anti-bacterial activity, because silver ions which dissociate from silver nanoparticles can kill various bacteria by damaging the cell walls [3] . Recently, several well-established techniques were employed to prepare the silver impregnated surfaces, such as plasma immersion ion implantation (PIII), physical vapor deposition (PVD), sol-gel method and so on [13] [14] [15] [16] [17] [18] . PIII is able to implant Ag into different substrates like stainless steel, polyethylene, etc. but the implanted layers are very thin which may easily lose their antibacterial activity [13, 14] . PVD methods are able to fabricate thick antibacterial coatings. However, low hardness of the metal substrates will limit the improvement in wear resistance and result in short life [15, 16] . On the other hand, as silver is a noble metal, reducing the amount of silver without sacrificing antibacterial activity is essential for the practical applications of the composite surfaces. It is known that Ag impregnated composite surfaces have antibacterial activity, but a balance between the antibacterial efficacy and the amount of Ag should be considered in the design of the composite surfaces. Therefore, novel methods which can provide long lasting antibacterial coatings are desperately needed, and the correct percentage concentration of the doping Ag must be established.
Recently, a novel duplex plasma deposition technique, which combines the double glow plasma (DGP) process and the active screen plasma (ASP) alloying technique [19, 20] , has been developed to fabricate wear and corrosion resistant composite surfaces with excellent antibacterial activity [21] [22] [23] . Properties of the functional composite surfaces are determined by the microstructures of the composite layers.
These composite surfaces commonly contain an antibacterial agents impregnated composite coating layer and a superhard S-phase sublayer, which is a nitrogen interstitial supersaturated austenite layer [24] . The bio-functional surface layer provides antibacterial activity because of the antibacterial agents and the bottom S-phase layer shows excellent wear and corrosion resistance, which also provide good load bearing capacity due to its high hardness. Metallic medical devices as cardiovascular implants made by SS can undergo in vivo fretting damage which can enhance their susceptibility to pitting corrosion damage [25] . Pitting is typically initiated from the surface defects, which can be decreased due to the dense S-phase layer [26] . Thus, the functionally graded composite surfaces could be ideal structures as durable long-lasting antibacterial surfaces [19, 20] . However, as the duplex plasma deposition processes are combination of the sputtering process and the nitriding process, interferences between these two processes will influence the concentration of the antibacterial agents and the thickness of the S-phase layer, which have significant impacts on hardness, toughness and tribological properties of the composite surface.
The aim of this research was to develop functionally graded Ag impregnated composite surfaces, which were equipped with excellent wear resistance and antibacterial performance by a novel duplex plasma deposition method. The influences of the duplex plasma deposition processes on the structure and properties of the composite surfaces were carefully studied. Various techniques were carried out to evaluate the morphologies, microstructure, chemical status, and mechanical properties of the as-deposited composite surfaces. Antibacterial tests were carried out to investigate the biodurability of these Ag impregnated composite surfaces. Table 1 . During the deposition, the gas mixtures were fed in to the chamber first, and then the main power source connected to bottom electrode was turned on to heat the chamber until 50℃ below the setting temperature. Then the additional power source is turned on for the deposition process. 
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Scratch and wear tests
Scratch testing on the surface of the functionally graded coatings was conducted with a Revetest scratch tester (CSM Instrument) with a Rockwell C diamond tip (radius 100 μm). The tip was drawn across the surface under a progressive load mode from 1 N to 10 N and the loading rate was 22.5 N/min. Scratch length was 2 mm at a speed of 5 mm/min. The normal load, tangential frictional force and acoustic emission signals were recorded during the tests. The friction tests were carried out with a reciprocating ball-on-plate CETR UMT-3 tribometer under wet conditions with Ringer's solution, which contains NaCl, KCL, CaCl 2 and NaHCO 3 , similar to the body fluid [27] . Friction parameters were 5 N at 5 Hz for 10min. The length of the wear tracks is 3 mm. Si 3 N 4 ceramic balls (Ø 3.8mm) were used as the counterpart.
Antibacterial evaluation
The antibacterial tests were based on JIS Z 2801:2000 bacterial enumeration standard [28] . Polished untreated 316 stainless steel samples were used as control samples.
Three samples from each deposition condition were tested and the average values 
RESULTS AND DISCUSSION
Morphology
The duplex plasma deposition process combines the double glow plasma sputtering process and the active screen plasma nitriding process. The Ag and stainless-steel particles were sputtered on the substrates from the silver plate and the stainless-steel active screen lids to form the Ag impregnated layer. This co-sputtering was generated due to the hollow cathode effect between the Ag lid and the SS lid, dense plasma between two lids can significantly increase the sputter speed of metal particles.
Meanwhile, the nitriding process was carried out, and the nitrogen ions can interact with the stainless-steel particles, which played a role in the transfer of nitrogen, and the diffusion process was carried out to form the S-phase due to the concentration gradient of nitrogen. In this case, the 'sputtering and deposition' mechanism can be applied to explain the formation of the S-phase, while the sputtered stainless-steel particles acted as nitrogen transfer agents [29] . Surface morphologies of the as-deposited functionally graded composite surfaces are shown in Figure 2 Some agglomerations can be viewed on the S1 sample, while the S2 and S3
composite surfaces are smoother. The deposition process of the Ag impregnated layer was determined by top voltage, bottom voltage, and the sputtering distance. The higher the top voltage applied to the targets, the more and larger Ag and SS particles would be sputtered from the silver plate and the stainless-steel lid. Besides, the bottom voltage applied to the samples also caused a sputtering effect, which will remove some low energy particles, and benefit to form a dense coating [29, 30] . Forming of the composite surfaces were a result of the synergy between the two sputtering processes. It can be seen that S1 has a rougher surface and larger Ag particles are impregnated in the surface layer. Even though the sputtering distance of S3 was closer to the target than S1 and S2, the thicknesses of these three samples are similar due to the high bottom voltage applied to S3. Beside the large Ag particles, Ag nanoparticles were also formed during the sputtering process. The sputtered SS particles play an important role in transmitting of nitrogen in order to form the S-phase diffusion layer [29, 30] . 
Depth profiles of silver and nitrogen
The distributions of silver and nitrogen in the composite surfaces are key to evaluate the antibacterial layer and the supporting S-phase layer. Figure 3 Changing points of the nitrogen slopes can be recognised as the interfaces between coating/S-phase and S-phase/substrate. The results indicated that the sputtered layer would not inhibit the diffusion of nitrogen. The S1 sample presents lower nitrogen concentration in the S-phase layer compare to that of S2 and S3 samples, which may due to the long deposition distance and the interference of the large Ag particles [31] .
The Ag depth profile can be used as a thickness indicator of the bio-functional layer.
As shown in Figure 3 (b) that the concentrations of Ag were affected by the deposition conditions, while the concentrations of Ag in the three composite coatings are 25 wt.% (S3), 13 wt.% (S2), and 5 wt.% (S1), respectively. Besides, all the Ag profiles illustrate a similar trend with two peak values at the surface and the interface. High percentage of Ag in S3 coating is mainly attributed to the short working distance, even though S1 and S2 were deposited under a higher sputtering voltage. The composite coatings were formed layer by layer during the co-sputtering process, and the high sputter rate of silver leads to the accumulation of Ag at initial and end stages of the sputtering process. The Ag rich surface layer is beneficial for the antibacterial reactions. It was reported that the sputtered stainless-steel nanoparticles can react with nitrogen in the plasma environment, while Fe x N particles are formed which act as nitrogen carriers. Due to the concentration gradient, nitrogen will desorb and then diffuse from the surface rich area into the substrate [29] . The saturated nitrogen atoms can cause lattice expansion within the stainless-steel which will induce the peak shift to left [32, 33] , while the corresponding (111), (200) and (220) peaks cannot match that from the austenitic stainless-steel, and the peak (311) was observed at about 84 o due to the peak 14 shift. The variation of the peak intensity of Ag and S-phase is regarded to the concentration of Ag and stainless-steel. Composite surface with a high amount of Ag generates enhanced corresponding peaks, as well as the S-phase. Due to the relatively low deposition temperature (420℃), there was no chromium nitride precipitates were detected from the composite surfaces, indicating the duplex plasma deposition process has little influence on the corrosion resistance of the composite surface [34] . from N in a pyrrole-like configuration [37] . It is considered that some of the chemisorbed nitrogen atoms were reacted with Fe in the SS particles to form Fe x N, while others were interstitial atoms and then diffused into the matrix to form the S-phase. Peaks for Fe2p 3/2 and Fe2p 1/2 can be found at 711.0 eV and 724.8 eV attributing to Fe 3+ and Fe 2+ [35] , respectively. Indicating that iron nitrides Fe 2 N or Fe 3 N may accumulated on the composite surface. However, a weak peak at 706.7 eV attributed to Fe 0 can be distinguished in the Fe 2p spectra, which is due to the 'sputtering and deposition' mechanism of the formation of the S-phase [26] . SS particles were reacted with nitrogen during the sputtering process, whilst the desorbed nitrogen atoms were diffused into the deeper area to form S-phase. Chromium atoms substitute the lattice positions of iron atom in stainless steel and their valence states are accounted at zero. However, the XPS results indicate that the surface chromium atoms transferred into trivalent states [38] , and two broad and week peaks located at 576.7 eV and 586.7 eV in the Cr 2p spectrum correspond to Cr 2p 3/2 and Cr 2p 1/2 of Cr 3+ [39] . It means that the nitrogen plasma was reacted with both iron and chromium in the sputtered SS nanoparticles. 
Contact angle and microhardness
Wettability of the bio-functional surfaces can influence their contact with bacteria, which is correlated to the antibacterial efficiency. Typically, contact angle is applied to evaluate the wettability of a surface, which is determined by the chemical composition and its surface roughness. A surface is described as hydrophilic when its contact angle is lower than 90 o [40] , to some extent, low contact angle can improve the aqueous dispersion which is beneficial for the contact between bacteria and the surfaces. As shown in Figure 6 that the contact angle of the polished SS surface is about 96 o which is relatively hydrophobic, while the contact angles of the functionally graded composite surfaces are all around 60 o . This is because these surfaces are rich of nitrogen which can form a covalent bond with water. The hydrophilic surfaces tend to be more favourable to interact with the bacteria.
The results of micro hardness are illustrated in Figure 6 . It is shown that hardness of the untreated stainless-steel sample is around 245 HV 0.05 , which is much lower compared to the composite surfaces. The functionally graded composite surfaces are all equipped with high hardness due to the formation of the S-phase layer, which are about 682 HV 0.05 (S1), 820 HV 0.05 (S2), and 950 HV 0.05 (S3), respectively. The hard S-phase layer can provide high load bearing capacity for the composite surface layer to improve its wear resistance. Besides, the nitride stainless-steel nanoparticles are embedded in the composite coatings, which is also beneficial for the overall hardness.
The S1 composite surface has the lowest hardness in the three composite surfaces, because it has the lowest concentration of nitrogen within the S-phase layer.
Indicating that the diffusion of nitrogen plays an important role for hardness enhancement. smaller than that of the untreated stainless-steel surface which is benefit for the contact process.
Scratch resistance
Scratch testing was used to assess the quality and adhesion of the composite coating layer. In this study, the scratch resistance of the Ag impregnated surface layer is essential to keep its antibacterial function. Thus, the durability the coating was evaluated by progressively increasing load scratch tests from 1 N to 10 N. The normal load on the indenter is transferred to the front half of the tip and will cause bending of the coating. When the internal stress is sufficient, cracks tend to initiate at defect sites within the coating and then propagate to cause coating failure [41] . Figure 7(a) shows the applied normal load, recorded tangential load and acoustic emission signals during the scratch tests, and the insert image is a typical scratch track on S1. It can be seen that all three composite coatings presented excellent scratch resistance, while no obvious change of the slope of the tangential force during the progressive load scratch tests and no peeling off occurred. Acoustic emission signals were also recorded which detect the generation of cracks and can be used to evaluate the quality of the coating.
The acoustic emission signals of S1 are higher than that of the S2 and S3, because more Ag particles were impregnated in S1 which may decrease the scratch resistance of the composite coating. As shown in Figure 7 (b) that several tensile cracks can be found within the track while there is no buckling. It suggests the composite surfaces are very tough and equipped with excellent adhesion property [42] . Which are clearly lower than that of the stainless-steel surface (0.332) under the same tribological conditions. Meanwhile, the wear rate of the untreated stainless steel is around 363.9×10 -8 mm 3 /Nm, which is higher compared to that of the composite surfaces (74.7×10 -8 mm 3 /Nm (S1), 34.8×10 -8 mm 3 /Nm (S2), 48.1×10 -8 mm 3 /Nm (S3)), due the adhesive wear mode [43] . Wear tracks of the untreated surface (S0) and the composite surface (S1) are shown in Figure 9 , and the EDS results of the selected 20 positions are shown in Table 2 . Considering the ratio between Ag and Fe, the percentage of Ag was increasing in the damaged region (point 5). However, due to the reactions between the surface and oxygen, the decrease of the Ag content in the wear track area may reduce its antibacterial activity compared to that of the pristine coating.
Rough surfaces with deeply scratched grooves and peeled-off craters were generated on the untreated stainless-steel surface due to the adhesive wear process even under the lubricant condition (See Figure 9(a) Besides, the hard S-phase sublayer provides high load bearing capacity for the composite surface which also plays a key role in the improvement of wear resistance.
On the other hand, Ringer's solution also acted as a corrosive agent during the friction tests. However, no corrosion happened on the composite surface after the friction tests due to the low temperature nitriding process, which avoids precipitation of chromium nitrides [26] . 
Antibacterial properties
The antibacterial activities of as-deposited functionally grade composite surfaces and controls against Gram-negative bacteria (E. coli) were investigated using a spread plate method. Colonies formed from viable E. coli after 5 h contact with the surfaces are shown in Figure 10 . The numbers of colonies were counted to evaluate the antibacterial activities of the surfaces while fewer colonies indicates better antibacterial performance. Figure 11 shows property. There are different possibilities for Ag ions to distract the biological processes of the bacteria. It was reported that Ag ions can inactivate the thiol group in enzymes to inhibit the growth of cells [44] . Besides, Choi considered that reactive oxygen species can be generated due to the existence of Ag which will damage cellular constituents and affect cell functions [45] . It is known that the antibacterial efficacy is related with the amount of Ag and the equivalent contact area [14] . As Ag is a noble metal, it is significant to design a composite surface with economical 24 amount of Ag which has equivalent antibacterial efficacy. Figure 12 Schematic cross-sectional view of the functionally graded composite surface, which is formed by the bio-functional surface layer and the hard S-phase layer. The Ag ions released from the Ag particles will inhibit the growth of bacteria through the contact process.
As seen from the Figure 10 that the Ag impregnated composite surfaces present much better antibacterial activity compare to the stainless-steel surface, while composite surfaces with high percentage of Ag show higher antibacterial efficacy. To determine the statistically significant difference between these samples, a one-way analysis of variance (ANOVA) was used to understand the antibacterial performances and the multiple comparison table is shown in Table 3 . The significance values between the control sample (S0) and the silver impregnated samples (S1, S2 and S3) are 0.047, 0.003 and 0.007, which are all below 0.05, indicating there are statistically significant differences of antibacterial activity between the Ag impregnated surfaces and the control surface. Besides, the results indicate there were no statistical differences of antibacterial activity between these composite surfaces after 5h contact, even though the S1 composite surface has lower antibacterial activity compares to that of the other two surfaces.
Surface roughness not only has influence on bacteria adherence, but also directly affects the contact angle of the surface [1] . However, surface roughness plays a marginal role in these antibacterial tests. Firstly, the size of the E. coli NCTC 10418 is about 2 μm, which is much larger than the scale of the surface roughness. Thus, the surface roughness difference between the composite surfaces has limited effect on bacterial adherence. Besides, previous studies pointed out that typically 3-6 hour is sufficient for the fully contact between bacteria and the composite surfaces [22, 46] , while 5h contact in this study is sufficient for the fully contact, which makes surface roughness a minor factor to influence the antibacterial performances of the composite surfaces. 
CONCLUSIONS
Functionally grade composite surfaces were developed by a novel duplex plasma alloying technique which is a synergy of double glow plasma (DGP) and active screen plasma (ASP) technologies. It has been confirmed that the Ag impregnated bio-functional surface layer combined with a hardened S-phase layer is a promising composite surface, which has excellent scratch and wear resistance, and antibacterial activity. It has been found that the applied voltages and the working distance were responsible for the microstructures of the composite surfaces, which led to the variation of the Ag particles, thickness of the S-phase layer, and surface roughness.
The XRD results verified that Ag was inert during the nitriding process, and there was no reduction in antibacterial activity. The XPS peak for neutral nitrogen was detected, 
